Purpose To verify the prevalence of semen bacterial contamination and whether the contamination could decrease sperm quality. Methods Spermiogram, semen culture, and sperm transmission electron microscopy (TEM) analysis were performed. TEM data were elaborated using a mathematical formula that calculates a fertility index (FI)-able to define patients as fertile or infertile-and the percentage of sperm apoptosis, immaturity and necrosis. We aligned the amino acid sequence of beta-tubulin with protein of the most frequent species isolated from semen. Results Patients were divided according to the contaminating species; in each group, we observed fertile individuals, in whom the semen quality was similar to that of controls and infertile men whose sperm quality was significantly decreased, in terms of motility, FI, apoptosis and necrosis. Partial homology between β-tubulin and bacterial proteins was observed. Conclusion Sperm bacterial contamination is quite frequent and could contribute to the deterioration of the sperm quality of infertile men.
Introduction
Infections of the male genitourinary tract account for up to 15% of cases of male infertility [1] . Acute and chronic infections and consequent inflammation in the male reproductive system may compromise the sperm cell function and the whole spermatogenetic process [2] [3] [4] , causing qualitative and quantitative sperm alterations. Recent studies have shown that the simple presence of bacteria in semen samples may compromise the sperm quality. The bacteria responsible for semen contaminations generally originate from the urinary tract of patients or can be transmitted by the partner via sexual intercourse [5] .
The most frequently isolated microorganism in male patients with genital tract infections or semen contamination is Escherichia coli. The negative influence of this species on sperm quality is partially due to its effect on motility [6] and to the impaired acrosomal function, as demonstrated at the ultrastructural level by Diemer et al. [7] .
The influence of gram-positive uropathogenic bacteria on sperm morphology and function has been poorly investigated until now. Mehta et al. [8] reported that aerobic cocci are present in about 50% of semen samples of male partners in infertile couples. Enterococcus faecalis was isolated from 53% of patients, micrococci from 20% and alpha-haemolytic streptococci from 16% of the infected samples. Increased prevalence of genital tract infections caused by E. faecalis is associated with compromised semen quality in terms of sperm concentration and morphology. The presence of micrococci and alpha-haemolytic streptococci does not appear to exert any detrimental effect on sperm quality.
Although no significant depressor effect of enterococci on sperm motility was observed, some researchers described, in an in vitro study, a negative influence on membrane integrity of human sperm head, neck and midpiece [9] , probably mediated by hemolysin, a well-known virulence factor of enterococci.
Genital ureaplasmas and mycoplasmas may colonize male urethra and contaminate the semen during ejaculation. However, these microorganisms and particularly Ureaplasma urealyticum are potentially pathogenic species playing an etiologic role in both genital infections and male infertility [10] . U. urealyticum, one of the most frequent causes of the male infertility [11] , due to its ability to reduce semen quality and the fertilizing potential of sperm, negatively influences the sperm motility, density and morphology and reduces the oxidoreductive potential of the ejaculate, which makes sperm more vulnerable to peroxidative damage.
The cause-effect relationship between bacterial infections and semen contamination and male infertility is still being debated. To complicate the problem even more, the presence of bacteria in semen samples of infertile men has a similar prevalence to that observed in fertile males [12] . The clinical significance of bacteria in semen is still unclear.
The aim of this study was to investigate the semen quality in the presence of different bacterial species. Semen samples were processed for bacteriological analysis and examined to evaluate sperm concentration and motility. The morphological sperm characteristics were studied by transmission electron microscopy (TEM). TEM data were elaborated with a mathematical formula used in our laboratory and validated by a large number of papers that we have published over the past 10 years. This method enables the identification of fertile and infertile individuals and the percentages of sperm apoptosis, necrosis and immaturity. Finally we aligned the aminoacid sequence of β-tubulin, a major constituent of sperm flagellum, with those of proteins expressed by the most frequent agents of sperm contamination. Our purpose was to verify whether a phenomenon of antigenic mimicry may influence the sperm motility. Should a linear aminoacid homology among bacterial and sperm proteins really exist, the immune response against bacterial infection could also react with the human cells with possible detrimental consequences.
Materials and methods

Patient selection
Between January 1998 and December 2006, 1256 male individuals were referred to the Interdepartmental Centre for Research and Therapy of Male Infertility for semen analysis. The primary reason to seek counselling in our Centre was fertility disorder. The median duration of infertility was 3.75 years (range 3-7 years) of unprotected intercourses without conception, however we also analysed semen samples from men who wanted to check their fertility status.
Clinical and instrumental examinations of genital tract, lymphocyte karyotype analysis, horomonal levels evaluation, spermiogram, TEM sperm analysis and culture for identification of the most common bacteria that colonize the male reproductive tract were routinely performed for each patient.
We applied the following exclusion criteria: altered hormonal levels, anatomical problems, such as varicocele and cryptorchidism, altered lymphocyte karyotype, a previous or ongoing treatment for fertility disorders and the presence of sperm defects of supposed genetic origin, i.e. characterised by an identical and specific alteration affecting the vast majority of the sperm population. To avoid misinterpretation of results, we excluded cases in which the spermioculture yielded two or more bacterial species and those with a non significant bacterial colony count, except for U. urealyticum, whose simple presence indicated remarkable contamination.
Semen samples from twenty men of proven fertility (aged 22 to 35 years) with a normal karyotype, without anatomical problems or infections, were used as controls. These fertile men had fathered one or more children during the previous 3 years.
Patients and controls provided a written informed consent before inclusion in this study.
Semen analysis
Semen collection
Semen samples were collected by masturbation after 3-5 days of sexual abstinence. Patients were asked to urinate and wash the hands, penis and scrotum before ejaculation to avoid possible contamination from the urine or external genitalia.
Light and electron microscopy Samples were examined after liquefaction for 30 min at 37°C. Volume, pH, concentration and motility were evaluated according to World Health Organization guidelines (WHO, [13] ).
Leukocytes were identified by peroxidase stain; WHO [13] considered normal a leukocytes concentration ≤ 10 6 cells/ ml. For the electron microscopy, sperm samples were fixed in cold Karnovsky fixative and maintained at 4°C for 2 h. Fixed semen samples were washed in 0.1 mol/L cacodylate buffer (pH 7.2) for 12 h, postfixed in 1% buffered osmium tetroxide at 4°C for 1 h, then dehydrated and embedded in Epon Araldite. Ultrathin sections were cut with a Supernova ultramicrotome (Reickert Jung, Vienna, Austria), mounted on copper grids, stained with uranyl acetate and lead citrate and then observed and photographed with a Philips CM10 transmission electron microscope (TEM; Philips Scientifics, Eindhoven, The Netherlands).
For each sample, three hundred ultra-thin sperm sections were analysed. Major submicroscopic characteristics were recorded by trained examiners who were blind to the experiment, applying the same evaluation criteria. TEM data were elaborated using the mathematical formula by Baccetti et al. [14] , based on the Bayesan technique. This formula considers 16 selected submicroscopic characteristics of sperm organelles on the basis of which it is possible to define the sperm function and calculate the number of spermatozoa free from structural defects (fertility index, FI). The lowest number of spermatozoa free from defects, conferring normal fertility, was two million ca. per ejaculate, by the application of the formula for TEM data obtained with sperm from men of proven fertility [14, 15] .
This formula was able to quantify the percentages of the three main sperm pathologies: immaturity, necrosis and apoptosis [15] . The characteristic features of immaturity were: altered acrosomes; misshaped, round or elliptical nuclei with uncondensed chromatin and the presence of cytoplasmic droplets. Marginated chromatin, cytoplasmatic translucent vacuoles and badly assembled mitochondria were the typical ultrastructural markers of apoptosis, whereas spermatozoa with broken plasma membrane, reacted or absent acrosome, misshaped nuclei with disrupted chromatin, poor axonemal and periaxonemal cytoskeletal structures were affected by necrosis.
Bacteriological analysis
Samples were seeded using a calibrated loop on agar plates, which were incubated overnight at 37°C in normal air with 5% CO 2 . The microorganisms were identified by gram stain, oxidase, catalase and other biochemical tests using Bio-Mérieux products (Bio-Mérieux, Florence, Italy). For the isolation of U. urealyticum, the urea-arginine broth (Bio-Mérieux) was used. Spermiocultures were considered positive when the number of colonies was ≥10 4 CFU ml
in case of gram positive cocci and ≥10 5 CFU ml −1 in case of gram negative rods. As far as U. urealyticum is concerned, its simple presence indicated positivity. Culture for strict anaerobes was not carried out.
Alignment
The amino acid sequence of human β-tubulin was "blasted" in the protein databases at the National Center for Biotechnology Information (NCBI; Bethesda, MD, USA; www.ncbi. nlm.nih.gov) [16] , with proteins of E. coli (strain UTI89) and M. morganii, U. urealyticum and E. faecalis. Sequences longer than five amino acids were also included, even if the alignment was interrupted by one or two non-matching amino acids.
Statistical analysis
Analysis was performed using the StatGraphics Plus (Ver. 5.0) statistical package. Patients with positive spermioculture were grouped according to the species isolated in semen sample. Semen parameters and sperm pathology scores in each group were expressed as percentages, medians, means and standard deviations (SD). Standardized skewedness (a measure of symmetry or more precisely, the lack of symmetry) and standardized kurtosis (a measure of whether the data are peaked or flat, related to a normal distribution) values were used to determine whether data were normally distributed; in this case the t test was carried out. If data were not normally distributed, the non parametric Mann Whitney W test was used. P values <0.05 were considered significant. The difference in the prevalence of infertility in the various groups was examined by the chi-square test with the Yates correction or the Fisher's exact test.
Results
Out of the 1,256 patients examined, 417 men (33.2%) showed the presence of bacterial species in semen samples. A total of 171 patients were excluded from the study for one or more of the reasons listed in the exclusion criteria; thus, the final number of patients included in the study was 246.
Spermioculture in the 246 patients yielded E. faecalis in 79 samples (32.1%, 9 men were azoospermic), E. coli in 50 samples (20.3%, 4 men were azoospermic), Streptococcus agalactiae in 33 samples (13.4%, none was azoospermic), U. urealyiticum in 29 samples (11.8%, one man was azoospermic), Staphylococcus epidermidis in 24 samples (9.7%, none was azoospermic), Streptococcus anginosus in 23 specimens (9.3%., two men were azoospermic) and Morganella morganii in eight samples (3.2%, none was azoospermic).
In each group semen volume, sperm concentration, progressive motility and leukocyte concentration were evaluated according to WHO guidelines [13] and analysed by light microscopy ( Table 1) . The mean sperm concentration in each group was significantly lower than that determined in controls, even though it was always higher than the lowest concentration considered normal by WHO [13] , i.e. 2×10 7 sperm/ml ( Table 1 ). The progressive motility ratios were lower than that established by WHO guidelines (a + b> 50%, rapid-a >25% + slow-b-) and significantly lower than that observed in controls, except for the samples positive for S. agalactiae and S. anginosus (Table 1 ). In the same groups sperm morphology was evaluated by TEM. Results were elaborated using the mathematical formula by Baccetti et al. [14] , which calculates, in each sample, the FI that in a fertile sample is around two million, and the percentage of sperm pathologies, such as immaturity, apoptosis and necrosis [15] .
TEM values related to the FI and the percentage of sperm pathologies observed in the different groups and in controls are reported in Table 1 . The mean scores concerning sperm apoptosis and necrosis were generally significantly higher than those detected in the control group, whereas the immaturity score was not significantly different from that of controls. The means of FI score were significantly lower than those of fertile controls, however they were all > 2× 10 6 with the exception of the score related to the samples contaminated by M. morganii (Table 1) .
Since our mathematical method enables the identification of fertile and infertile patients, we divided the men of each group with a FI > 2×10 6 (fertile) from those with FI < 2×10 6 (infertile) and compared the variables considered for each bacterial species. The results are reported in Table 2 .
Enteroccocus faecalis
Mathematically elaborated TEM analysis revealed that 54 out of the 70 patients (77.1%) were infertile, whereas 16 patients (22.9%) were fertile. The differences of the various parameters between infertile and fertile individuals and controls were significant, except for sperm volume (Table 2) , which suggests a poor semen quality in the former group. The comparison between data from fertile men and from controls did not reach statistical significance (Table 2) .
Escherichia coli TEM analysis highlighted that 31 out of 46 individuals (67.4%) were infertile and 15 men were fertile (32.6%). Sperm quality observed in infertile patients was significantly poorer than that detected in fertile individuals, except for the apoptotic score, and than that of control except for immaturity and volume. Necrosis was the only parameter U. urealyticum (28) S. epidermidis (24) S. anginosus (21) M. morganii (8) Controls (20) Volume (ml) We compared the different variables in each group with those of the control group (20 fertile individuals). The number of patients considered for each group is reported in parentheses. *P<0.05, **P<0.01, ***P<0.001 whose score was significantly increased in contaminated fertile subjects compared to controls.
Streptococcus agalactiae
In this group, 16 out of 33 individuals (48.5%) were infertile and 17 men were fertile (51.5%). Infertile patients showed significantly lower sperm quality than that observed in fertile men, except for the volume, and than that observed in controls, except for the volume and the immaturity score. Fertile patients and controls showed a similar semen quality (Table 2) .
Ureaplasma urealyticum
In this group, 24 out of 28 patients (85.7%) were infertile and four fertile (14.3%). The motility score and FI detected in infertile patients were significantly lower than those observed in fertile men. Infertile patients showed a significantly lower sperm quality than that of controls, except for the sperm volume ( Table 2) . Fertile patients and controls showed similar sperm parameters.
Staphylococcus epidermidis
TEM elaboration enables to individuate 18 infertile men out of 24 individuals (75%) and six fertile men (25%). We observed that the sperm concentration, the percentage of progressive motility and FI scores were significantly decreased in infertile patients, compared to fertile individuals, whereas the apoptotic score value was increased. All values of the different parameters, with the exception of volume and immaturity, were significantly poorer in infertile patients than those observed in control subjects. No statistical difference was found between the scores of sperm parameters of fertile men and controls.
Streptococcus anginosus
In this group, 14 out of 21 individuals (66.6%) were infertile and seven were fertile (33.4%). The sperm quality in infertile patients was significantly lower than that observed in fertile men particularly regarding sperm concentration, FI and necrosis. Fertile men and controls had similar scores of sperm parameters, whereas the infertile patients showed a significant decrement in sperm concentration and FI scores, concomitant with an increase of necrosis compared with control values (Table 2) .
Morganella morganii
Quantitative TEM analysis indicated that 7 out of 8 individuals (87.5%) were infertile, with only one case (12.5%) being fertile. The semen quality of the infertile patients was significantly poorer than that observed in controls; in particular, the sperm concentration, motility percentage and FI scores were significantly decreased, whereas apoptosis and necrosis scores were significantly increased (Table 2) . Finally, in order to verify whether the sperm contamination by determined organisms could possibly be associated with an increased prevalence of infertile patients, we compared the number of infertile men, present in each group, with those found in the other groups. The statistical calculation showed that the number of infertile patients in the groups with U. urealyticum and E. faecalis contamination was significantly higher than that with S. agalactiae (P=0.005 and P=0.007, respectively). The total of infertile patients in M. morganii group was significantly higher than those in S. epidermidis (P=0.003) and S. anginosus (P=0.012).
Leukocytospermia
Fifteen percent of patients showed the presence of leukocytospermia (>10 6 leukocytes/ml of semen). Patients with leukocytospermia were present in all groups of infertile and fertile contaminated patients. The control group, encompassing men of proven fertility, did not show leukocytospermia.
Alignment
Bacterial proteins that show the most significant homologies with the human β-tubulin are reported in Table 3 . In Fig. 1 , we show the aminoacid sequences of such proteins that align with tubulin.
Discussion
Many studies have examined the impact of genital tract infections and bacterial semen contamination in male fertility; however, the putative detrimental effect of bacteria on the sperm quality is still controversial [17] . Microorganisms can affect the male reproductive function directly, causing the agglutination of motile sperm, reducing the ability of acrosome reaction and causing alterations in cell morphology-and indirectly, through the production of reactive oxygen species generated by the inflammatory response to the infection [18] . However, there is not complete agreement on the detrimental role of the presence of bacteria in the semen. Sanocka-Maciejewska et al. [4] have reported that the bacteria most frequently isolated from the genitourinary tracts of men have no effect on semen quality in normozoospermic males; however, in infertile patients with pathological semen parameters bacteria usually determined a diminished antioxidant capacity of sperm. These findings have in part been confirmed in the present study, i.e., the bacterial contamination of semen samples of fertile individuals did not compromise the sperm quality, while in infertile men, it is possible that bacteria further deteriorated the whole quality of the seminal plasma.
The presence of leukocytes in the semen often complicates the interpretation of results of sperm analyses and alterations of sperm parameters. In this study, in order to avoid the additional factors that could increase sperm damage, such as the cellular inflammatory response [19] , we enrolled only asymptomatic individuals who were referred to this centre for sperm analysis. Nevertheless, 15% of our patients had leukocytospermia. The prevalent opinion is that leukocytospermia is always concomitant with bacteriospermia; however the lack of leukocytospermia does not preclude the development of genitourinary symptoms of disease [20] . The fact that in the present study the prevalence of leukocytospermia was equally distributed Fig. 1 The alignments between human β-tubulin and amino acid sequences of proteins expressed by different bacterial species are shown. When two proteins are made up by at least five identical (or with the same chemical properties) aminoacids in sequence they are considered homologue. Query: tubulin amino acid sequence; Subject: aminoacid sequence of the bacterial protein; the numbers in the sequence represent the initial and final positions of amino acid; + indicates that the aligned aminoacids are different, although, from an antigenic point of view, they are similar; identities represent the percentage of identical aminoacids in the two compared sequences; positives indicate the percentage of aminoacids that share the same behaviour from an antigenic point of view; gaps mean the number of intervals lacking linear homology between two homologue sequences in all groups analysed and was independent of bacterial species isolated from the samples reinforces our interpretation that the presence of white blood cells in the semen only had a negligible pathogenic importance.
Our findings show that the simple presence of bacteria might alter the sperm quality. The mean sperm concentration in the group of individuals positive for bacteria was significantly lower than that observed in controls; however, it was always > 20×10 6 sperm/ml, value considered normal for WHO [13] .
The negative influence of bacteria on sperm motility is well known [4, 19] . In our study, motility was significantly reduced in all groups except for in those with S. agalactiae and S. anginosus. This suggests that the bacterial flagella and pili, i.e. constant accessory structures of E. coli and M. morganii, could be an important determinant of pathogenicity. Recent studies have hypothesized that the mechanisms of sperm damage caused by bacteria passes through the expression of the adhesive properties of the flagella and pili to mannose receptors [21] . The fact that receptors to mannose have been demonstrated also at the surface of human spermatozoa [22] suggests that flagella and pili could play a considerable causative role in sperm damage. As far as gram positive organisms are concerned, the production of pili is not a characteristic present in all clones of the same species. Some studies [23, 24] have underlined the pathogenetic importance of such structures also in gram positive organisms, as they have shown that bacteria isolated from the site of infection are more likely to be piliated, while when they are simple bystanders they are not; this is the case of bacteria colonizing the urethral tract of human beings. These observations suggest that pili could possibly constitute a putative determinant of pathogenicity in gram positive cocci, too.
Sperm morphology is generally evaluated by light microscopy, although a deep analysis of subcellular sperm anomalies can only be performed by TEM. Applying the statistical mathematical formula to TEM data [14] , FI, an indicator of sperm quality, was determined together with the percentage of sperm pathologies such as immaturity, apoptosis and necrosis. FI score was significantly reduced in the studied groups compared to controls; however, as observed for sperm concentration, the values of standard deviations indicated a wide variability in each group. To better clarify this issue we divided the patients into fertile and infertile following the FI score. Despite fertile individuals distributed in each group (20.2% in E. faecalis group, 30% in E. coli, 51.5% in S. agalactiae, 13.8% in U. urealyticum, 33.3% in S. epidermidis, 30.4% in S. anginosus, and 12.5% in M. morganii group), the statistical calculation showed that the number of infertile patients in the groups with U. urealyticum and E. faecalis contamination was significantly higher than that with S. agalactiae.
Similarly, M. morganii seems to damage the spermatozoa more than S. epidermidis and S. anginosus, even though the number of the cases was very small.
The characteristics of the contaminated semen samples from fertile patients were similar to those from men of proven fertility (controls), except for sperm necrosis in E. coli group. The observation that the presence of bacteria in semen samples did not compromise the sperm quality of fertile men could be explained by the fact that the bacterial colonization was possibly recent and the contact of bacteria with spermatozoa had not been long enough to result in damage. Alternatively, we can suppose that the semen of fertile individuals is capable of hampering the potential mechanisms by which bacteria may damage spermatozoa.
Regarding sperm pathologies, only necrosis and apoptosis were significantly increased in the groups with semen bacterial colonization compared to controls, whereas the frequency of immaturity, a pathology generally related to the presence of varicocele [25] , was equally dispersed in the various groups. As previously reported, apoptosis and necrosis seem to have an important role in spermatogenetic damage associated with semen bacterial colonization [26] . In an in vitro study performed by Villegas et al. [21] , a single incubation with E. fecalis, E. coli and S. aureus induced apoptosis in human sperm with two possible, putative mechanisms: a direct cytotoxic activity of bacterial toxins and the contact with pili and flagella. It has also been demonstrated that E. coli can start the apoptotic process by activating several caspases, proteases responsible for mitochondrial changes, alterations in membrane symmetry, and DNA fragmentation [21, 27] .
In the present study, E. faecalis, E. coli, U. urealyticum and M. morganii have been shown to exert a negative influence on the sperm quality of infertile males as a whole; similar findings have also been reported by other researchers [2, 6] . The possible mechanisms of sperm damage, in addition to adhesion by flagella and pili, include the production of toxins and metabolic products originating from bacterial proliferation. Some researches reported different pathogenetic mechanisms exerted by U. urealyticum upon sperm, such as the production of H 2 O 2, a source of hydroxide anion, and phospholipases A and C which may injure sperm membranes. In addition, the presence of U. urealyticum in semen samples may decrease the amount of microelements such as zinc and selenium, which are important to maintain the antioxidative defensive properties of such biological fluids [11, 19] .
In conclusion, our data suggest that the presence of bacteria in semen samples may influence the sperm quality, mainly by the induction of apoptosis and necrosis, which may in part be responsible for the observed reduction of sperm motility. However, another possible explanation may reside in the putative existence of an antigenic mimicry between some constituents of sperm flagella such as tubulin, one of the major component of axoneme, and bacterial proteins. Molecular mimicry of host structures with proteins encoded by microorganisms can have pathogenetic consequences; infection may induce antibodies and T cells to react against bacterial cell constituents, which can also recognize self components and immunomediated damage may follow. To verify such a possibility, we blasted the aminoacidic sequence of tubulin with proteins of E. coli (strain UTI89), M. morganii, U. urealyticum and E. faecalis and we found significant linear homologies with proteins expressed by all these species (Fig.1) . Human spermatozoa may therefore share epitopes with antigens of the most frequent species colonizing the genitourinary tract of man. In case of infection or contamination, these antigens may induce an antibody response, which could cross-react with the flagella of spermatozoa, thus reducing their motility.
In conclusion, we have shown that contamination of sperm samples by some species is more closely associated with infertility. However, this is only part of the problem. In this study, we only dealt with aerobic and facultative anaerobic bacteria. The clinical significance of strict anaerobes in sperm samples is a subject of dispute. Anaerobic bacteria are not routinely sought in sperm samples, because they are fastidious to cultivate and may be damaged by the contact with oxygen for the duration of transportation. In fact, the studies concerning the presence of anaerobes in semen samples are neither numerous nor conclusive; however, already in 1995, Eggert-Kruse et al. [28] reported that almost all the ejaculates they examined were positive for anaerobic microorganisms and potentially pathogenic species were found in 71% of men. It is noteworthy that, in a recent study, Kiessling et al. [29] detected and identified bacteria, including anaerobes, in the semen of men undergoing fertility evaluation, by sequencing polymerase chain reaction amplified rRNA gene. By this method they found a significant contamination (≥ 2×10 4 bacteria/mL) with strict anaerobic microorganisms in a discrete proportion of cases. It is not clear, yet, whether the presence of anaerobes in the semen may influence fertility.
Future studies, also based on this molecular approach, should be addressed to this topic in order to provide new insights into the microorganisms coming into contact with sperm, helping to monitor the health of male genitourinary organs. In any case, a re-evaluation of sperm characteristics after patients have been treated, could confirm the role, if any, of bacterial presence in the determination of the sperm abnormalities observed.
